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Although a great deal of information exists about the effect of land use on soil enzyme activities, much of
this is contradictory and brings into question the suitability of soil enzyme activities as indicators of how
land use affects soil quality. The purpose of this study was to investigate the effect of land use on
different soil biochemical properties, especially hydrolytic enzyme activities, with the aim of providing
knowledge about the problems related to the use of enzymes as indicators of soil quality. The data
presented derive from various studies in which a large number of soils under different types of forest or
agricultural management were analysed by the same methods. All of the soil samples were characterized
in terms of their main physical and chemical properties, the activity of several hydrolases, microbial
biomass C and soil basal respiration. The results indicate that soil use causes a large reduction in organic
matter content and that the effect on enzyme activity varies depending on the type of land use or
management and the type of enzyme. Furthermore, the enzyme activities per carbon unit (speciﬁc
activities) in soils affected by land use are almost always higher than in maximum quality soils (climax
soils under oak vegetation or oak soils), and land use also generates greater increases in the speciﬁc
activity as the C content decreases. The mechanism responsible for these increases probably involves loss
of the most labile organic matter. Enzyme enrichment is not always produced to the same degree, as it
varies as a function of the enzyme and the type of land use under consideration. It is concluded that the
complexity of the behaviour of the soil enzymes raises doubts about the use of enzyme activities as
indicators of soil degradation brought about by land use.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Agricultural and forest misuse are some of the main causes of
soil degradation (Dick, 1992; Lal et al., 1998). Soil preparation and
tillage, fertilization, the use of machinery and harvesting all affect
the soil environment and can cause a progressive loss of soil quality.
At present, the quality of a soil is deﬁned not only in terms of its
productive capacity, but also takes into consideration that the soil
forms an integral part of the ecosystem. Consequently, even when
soil productivity has to be maximized, environmental effects must
be kept to a minimum (Doran and Parkin 1994; Gregorich et al.,
1994). It is thus evident that the changes in soil quality caused by
different types of land use must ﬁrst be quantiﬁed in order to
establish the most sustainable types of use and management that
also cause the least disturbance to the soil.
Given that soil quality depends on the physical, chemical,
biological and biochemical properties of the soil, changes in these
properties must be taken into account in assessing changes in soil; fax: þ34 981 592504.
).
All rights reserved.
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changes in some soil properties may occur very slowly or may only
occur when the soil undergoes drastic changes, such properties are
not suitable for estimating soil quality (Filip, 2002), and properties
that respond rapidly to environmental stress must be used (Dalal,
1998). Soil biological and biochemical properties do respond
rapidly (Klein et al., 1985; Nannipieri et al., 1990), and include
properties that are directly related to the number and activity of the
soil microbiota (microbial biomass, basal respiration, etc.) as well as
properties associated with the decomposition of organic com-
pounds present in soils and the release of nutrients, i.e., the activity
of hydrolytic enzymes (Visser and Parkinson, 1992; Gil-Sotres et al.
2005). Since enzymatic activity is highly sensitive to external
agents and is relatively inexpensive and easy to determine,
measurement of the activity of numerous hydrolytic enzymes has
been widely used in recent years to study the effect of changes in
soil use on processes that affect the cycling of bio-elements: C, N, P
and S (Bandick and Dick, 1999; Dick et al., 1994; Kandeler and Eder,
1993). However, despite the profusion of information, the results
obtained by different researchers are often contradictory, both as
regards the effect of different agricultural practices and also theyme activities in agricultural and forest soils. Some implications for
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Gil-Sotres et al., 2005).
Various authors have pointed out that ploughing causes an
increase in biochemical activity in agricultural soils due to the
exposure of new surfaces as soil aggregates are broken up (Dick,
1984; Khan, 1996; Latif et al., 1992; McGill et al., 1986), while others
have reported a decrease in enzyme activities due to the decrease in
organic matter content as a result of the mixing of horizons by
ploughing (Carter, 1986; Dick, 1994; Jensen et al., 1996). The
application of mineral and organic fertilizers has also been reported
to have contrary effects in these soils. Some authors state that the
use of organic fertilizers increases the biochemical activity of the
soil due to the associated input of organic materials and microor-
ganisms (Dick et al., 1988; Jenkinson, 1990; Kandeler et al., 1999),
whereas others state that the activity decreases, particularly when
poor quality manure is used (Garcı´a et al., 1992; Perucci et al., 1984;
Schipper and Sparling, 2000). Regarding inorganic fertilizers,
although it is often considered that the presence of readily available
inorganic nutrients inhibits enzyme synthesis in soil (Dick, 1992;
Olander and Vitousek, 2000), some authors consider that the same
presence may increase the biochemical activity of a soil by stimu-
lating plant growth and the secretion of enzymes by roots (Lynch
and Panting, 1980). Furthermore, there is no agreement about the
effects caused by different management practices in soils under
pasture. Thus, grass cutting may stimulate soil biochemical activity
due to the resulting increase in the amount of dead roots (Holland,
1995; Mawdsley and Bardgett, 1997), or may decrease this activity
due to the decrease in root exudates (Northup et al., 1999), or may
have no effect at all on soil biochemical properties (Kuzyakov et al.,
2002; Wardle and Barker, 1997). Similar contradictory effects have
been cited in discussion of the effect on soils of the presence of
grazing animals. Thus, some authors have indicated that grazing
may cause an increase in biochemical activity due to the presence
of the animals’ excreta (Haynes and Williams, 1999; Zacheis et al.,
2002), and others that it may cause a decrease in biochemical
activity, usually attributed to degradation of the soil structure by
trampling (Cao et al., 2004; Conant et al., 2001).
Forest soils are generally subject to fewer treatments than
agricultural soils and more consistent effects may be expected;
however, the information available is also contradictory. Thus,
some authors have indicated that mechanized preparation of soil
before reforestation, which involves the use of heavy machinery,
may decrease the biochemical activity of the soil due to soil
compaction (Nun˜ez-Regueira et al., 2006; Zinn et al., 2002),
whereas others have indicated that the activity will be increased
due to closer contact between microorganisms and the organic
matter as a result of the compaction (Resck et al., 2000).
It is thus clear that land use does not always modify biochemical
properties in the same way, and furthermore no biochemical
property can be used as a universal indicator to demonstrate the
effects of use, although properties such as biomass-C, and urease
and b-glucosidase activities, are those usually used as possible in-
dicators of the effects of land use on soil (Gil-Sotres et al., 2005).
There are different possible explanations for the lack of standard
patterns of biochemical activity, particularly enzymatic activities, in
response to soil use and management. One possibility is that these
differences are due to a lack of standardized protocols for
determining biochemical properties, which implies that the lack of
consistent results is caused by methodological differences. Another
reason for the contradictory results may be the small number of
soils that are usually analysed in each study. Biochemical properties
usually display a high degree of both spatial and temporal vari-
ability, and therefore a large number of samples may be required to
overcome the statistical uncertainty, and this does not always
occur. Another possible explanation for the random response of
biochemical properties to soil use and management is the smallPlease cite this article in press as: Trasar-Cepeda, C., et al., Hydrolytic en
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uncommon to ﬁnd studies in which only one enzyme activity is
measured. Thus conclusions are reached about the type of variation
suffered by soil enzymes, even though the behaviour of a single
enzyme does not necessarily reﬂect the responses of other
enzymes, as enzymes associated with different cycles and that
participate in different stages of degradation will not necessarily
respond in the same way (Sinsabaugh et al., 1991; Trasar-Cepeda
et al., 2007). There is also a problem related to the lack of agreement
about which kind of soils representmaximumquality and therefore
can be used as reference soils with which to compare soils affected
by use (Gil-Sotres et al., 2005). Two different options are usually
considered: on one hand that maximum quality soils are repre-
sented by natural soils developed under climax vegetation (local
potential vegetation) and that have not suffered any type of human
interference (Fedoroff, 1987; Rasmussen et al., 1989; Trasar-Cepeda
et al., 1998), and on the other, that maximumquality soils are highly
productive soils that cause the least environmental impact (Doran
et al., 1994; Jackson, 2002). Finally, it is also possible that the dif-
ferent behaviour in response to soil use and management may be
because the activities of hydrolytic enzymes are not good indicators
of soil quality and their potential usefulness in assessing soil quality
may have been overestimated.
Our research group has spent many years investigating the
activity of several hydrolytic enzymes in soils from Galicia (NW
Spain), an Atlantic region with a humid climate (mean annual
temperature between 12 and 15 C and annual rainfall between
1000 and 1700 mm). In our studies we have used the same ana-
lytical methods and have studied both forest soils under climax (or
local potential) vegetation of Atlantic oakwood (oak soils), and soils
under different types of forest or agricultural management. It is
important to emphasize that of the two options introduced above,
we have always considered that natural soils developed under local
potential vegetation are the soils of maximum quality, and are
therefore those that should display the greatest degree of equilib-
rium among all properties (Gil-Sotres et al., 2005; Trasar-Cepeda
et al., 1998). On the other hand, it is also assumed that soil use will
alter that equilibrium, and that this modiﬁcationwill be reﬂected in
the behaviour of soil biochemical properties.
The overall objective of the present study was to provide in-
formation about the activity of different hydrolytic enzymes in soils
subject to different types of use, with the aim of providing further
knowledge about the problems related to the use of enzymes as
indicators of soil quality. For each type of use, a large number of
soils from Galicia (NW Spain) were analysed. The relative homo-
geneity in the conditions of formation of Galician soils and the use
of the same protocols to analyse each biochemical property, enable
comparison of the data obtained in the different studies.
2. Materials and methods
2.1. Soils
A total of 234 soils dedicated to different types of use were
analysed. Of these, 40 were Umbrisols (ISSS Working Group R.B.,
1998) developed under local potential vegetation of Atlantic oak
(Quercus robur L.). These, because of their stability and lack of
human inﬂuence, are considered the soils of highest biochemical
quality in the region (Trasar-Cepeda et al., 1998) and, therefore,
those used as reference soils to demonstrate the effects of land
use on the soil biochemical properties. These soils (oak soils)
were sampled at the start of autumn, before leaf fall, a time of
year during which it has been observed that the values of the
biochemical properties reﬂect the annual mean (Trasar-Cepeda
et al., 2003). The biochemical properties of these soils have
already been reported (Leiro´s et al., 2000; Trasar-Cepeda et al.,zyme activities in agricultural and forest soils. Some implications for
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were studied, 35 from stands predominated by Eucalyptus
globulus Labill (stands always of more than 20 years old) and 43
by pine trees, mainly Pinus pinaster Aiton (stands of more than
25 years old). All of these soils under forest were sampled at the
beginning of autumn, at similar times to when the oak soils were
sampled. The study also included 56 grassland soils, management
of which usually involves organic fertilization (mainly with cattle
slurry and sometimes pig manure) and occasional applications of
inorganic fertilization (nitrogen and phosphorus), occasional
presence of grazing animals and several harvests throughout the
year. These grassland soils are either Umbrisols or, in topo-
graphically depressed areas, Gleysols, and were sampled at the
end of the winter, before the soil preparations typically carried
out in spring, as they are usually fertilized at the beginning of
autumn to favour autumn growth of pasture (Pin˜eiro and
Gonza´lez, 2002). Finally, 60 agricultural soils were also analysed,
of which 45 (generally Umbrisols) were cropped soils under
maize, and represented agricultural soils subject to traditional
practices involving little mechanization, bi or tri annual rotation
of crops (potato, rape, maize) and fertilization, mainly with
manure. The samples of maize soils were collected after the crop
was harvested and before the soil was tilled (i.e., during late
autumn as the maize is collected in October–November), to avoid
any interference from the effect of machinery or recent appli-
cation of fertilizers and pesticides. The other 15 agricultural soils
were Regosols collected from vineyards. These were strongly
degraded, generally man-made soils on steep slopes that form
terraces. These soils are usually strongly ploughed, fertilized with
inorganic and organic fertilizers and are usually treated with
fungicides several times throughout the year to avoid fungal
diseases, which spread rapidly due to the high humidity in the
region. The soil samples were collected in February, when no
work is carried out in the vineyards, as it was necessary to leave
a certain amount of time between grape harvesting (beginning of
autumn) and collection of soil samples, to minimize the effects
on the soil caused by the grape pickers and machinery during
harvesting. The results corresponding to the agricultural soils
have already been published (Migue´ns et al., 2007; Trasar-
Cepeda et al., 2008).
2.2. Soil sampling
The soils were collected after removal of the litter layer in the
forest soils, the very dense layer of roots in the grassland soils and
harvesting remains (where present) in the maize and vineyard
soils. In all cases between 15 and 20 sub-samples of the upper soil
horizon (0–10 cm) were collected and pooled in the ﬁeld, trans-
ported in isothermal bags to the laboratory and then sieved
through a 4 mm sieve. The samples were stored at 4 C until
analysis of the biochemical properties, always within 15 days;
a sub-sample (approximately 500 g) of the soil was air dried for
analysis of the general properties and when the protocol required,
part of the sub-samples (approximately 100 g) were ﬁnely ground
before analysis.
2.3. Soil physical and chemical properties
Total organic C (wet oxidation) and N (Kjeldahl digestion)
contents and pH in 1 M KCl (1:2.5 soil:solution ratio) were
determined following the methods described by Guitia´n-Ojea and
Carballas (1976). Available P was extracted with 0.5 M sodium
bicarbonate (pH 8.2), according to Bowman and Cole (1978), and
inorganic P in the extracts was determined according to Murphy
and Riley (1962). Amorphous Al and Fe were extracted with 0.2 M
ammonium oxalate/oxalic acid buffer of pH 3.0 (McKeague and Day,Please cite this article in press as: Trasar-Cepeda, C., et al., Hydrolytic enz
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Particle size distribution was determined with a Robinson pipette
and with Calgon as dispersant (Guitia´n-Ojea and Carballas, 1976).
2.4. Microbial biomass carbon and basal respiration
Microbial biomass C (Biomass C) was determined by the
chloroform fumigation–extraction method, with 0.5 M K2SO4 as
extractant (Vance et al., 1987). The organic C of extracts was
estimated by oxidation with potassium dichromate (Vance et al.,
1987). The difference in C content of the fumigated and unfumi-
gated extracts was converted to microbial biomass C (expressed in
mg kg1 of dry soil) by applying a factor (Kc) of 0.45 (Jenkinson,
1988).
Soil basal respiration (Respiration) was determined by static
incubation (Guitia´n-Ojea and Carballas, 1976). The CO2 produced
during a 10-day period by 25 g soil samples incubated at ﬁeld
moisture content at 25 C was collected in 10 ml of a 1 M NaOH
solution, which was then titrated against HCl with an automatic
titrator. The results are expressed as mg CO2-C kg
110 d1, and the
metabolic coefﬁcient or qCO2 (mg CO2-C released mg
1 biomass
carbon h1) was calculated as the ratio between basal respiration
and microbial biomass C.
2.5. Enzymatic activities
Acid phosphomonoesterase (Monoester), b-glucosidase (Glu-
cosid), phosphodiesterase (Diester) and arylsulphatase (Sulph)
activities were determined after incubation of the soils with
a substrate containing a p-nitrophenyl moiety and measurement of
the amount of p-nitrophenol liberated during enzymatic hydrolysis,
by spectrophotometry. The enzymatic activities were quantiﬁed by
reference to calibration curves corresponding to p-nitrophenol
standards incubated with each soil under the same conditions as
for the samples, and the activities are expressed as mmol
p-nitrophenol g1 h1. Acid phosphomonoesterase activity was
determined by using 16 mM p-nitrophenyl phosphate as substrate
and incubating at pH 5.0 (Modiﬁed Universal Buffer, Skujins et al.,
1962) and 37 C. After 30 min 2 M CaCl2 was added and the liber-
ated p-nitrophenol was extracted with 0.2 M NaOH (Tabatabai and
Bremner, 1969, with themodiﬁcations indicated by Saa´ et al., 1993).
Activity of b-glucosidase was determined as described for phos-
phomonoesterase activity except that the substrate was 25 mM
p-nitrophenyl-b-D-glucopyranoside, the incubation time was 1 h
and the released p-nitrophenol was extracted with 0.1 M (Tris–
hydroxymethyl-aminomethane)–NaOH (THAM–NaOH) of pH 12
(Eivazi and Tabatabai, 1988). Phosphodiesterase activity was mea-
sured by incubating soil samples with 10 mM bis-p-nitrophenyl
phosphate as substrate, at pH 5.0 (0.05 M THAM buffer) and 37 C
for 1 h. After the incubation, 2 M CaCl2 was added and the released
p-nitrophenol was extracted with 0.1 M THAM–NaOH of pH 12
(Bowman and Tabatabai, 1978). Arylsulphatase activity was
determined with 5 mM p-nitrophenyl sulphate as substrate, with
0.5 M acetate buffer (pH 5.8) and incubating for 1 h (Tabatabai and
Bremner, 1970).
The activities of urease, and protease hydrolysing benzoyl-
argininamide (BAA-protease, BAA-P) were determined as described
by Nannipieri et al. (1980). Brieﬂy, urease activity was determined
using 1065.6 mM urea as substrate, incubating for 1.5 h in 0.2 M
phosphate buffer (pH 8.0), andmeasuring the NH4
þ released with an
ammonia electrode. The BAA-protease activity was determined
using the same incubation conditions and the same method for
determining NH4
þ, but with 30 mM a-N-benzoyl-L-argininamide
(BAA) as substrate. In both cases, enzyme activity is expressed as
mmol NH3 g
1 h1. The activity of protease hydrolysing casein
(casein-protease, Casein-P) was determined with 1% casein asyme activities in agricultural and forest soils. Some implications for
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aminomethane–HCl (Tris–HCl) buffer (pH 9.0) and the released
amino acids determined by the Folin–Ciocalteu colorimetric
method described by Ladd and Butler (1972), modiﬁed by
Nannipieri et al. (1979). Enzyme activity is expressed as mmol
tyrosine g1 h1.
Invertase activity was determined with 35.06 mM sucrose as
substrate, incubating for 3 h, with 2 M acetate buffer (pH 5.5), and
the released reducing sugars determined following the method of
Schinner and von Mersi (1990). Carboxymethyl-cellulase (Cellu-
lase) activity was determined similarly, except that the substrate
was 0.7% carboxymethyl-cellulose and the incubation time was
24 h (Schinner and von Mersi, 1990). In both cases, the enzyme
activities are expressed as mmol glucose g1 h1.
All determinations were performed in triplicate. The corre-
sponding controls were carried out for each soil and enzyme
activity by proceeding with the same analytical protocol described,
but without the addition of the substrate at the moment of
initiating the enzymatic reaction. For each soil sample the mean
values of the three determinations (expressed on an oven-dried soil
basis, 105 C), were calculated.2.6. Statistical analysis
For each property studied, the values in the tables are the
minimum, maximum andmean values obtained for all soils subject
to the same type of use. Statistical differences betweenmean values
were determined by a Student’s t-test [Statistica 6.0 (StatSoft) for
Windows].3. Results
3.1. Soil physical and chemical properties
The soils under different uses and the oak soils were of similar
texture (mainly sandy and sandy-loam), although the vineyard
and maize soils contained more sand than the other soils
(Table 1). In general, the soils were acidic and the values of pH in
KCl showed how the soil use resulted in increased pH, especially
in the grassland and maize soils, in which the maximum value
obtained was close to 7.0 (Table 1). The increase in pH was due to
liming, which is common practice in Galicia, because the soils in
the region are usually acidic or very acidic. Nevertheless all of the
soils were still acidic, which suggests that the liming was not very
intense. Soil use also caused an increase in the available inorganic
P (Pi) content, particularly in the agricultural soils, which
indicates intense phosphate fertilization. The increase in Pi was
acute in the agricultural soils, and the mean concentrations of
available Pi were 116 and 126 mg kg1 in the vineyard and
maize soils, respectively, and in both groups, the minimumTable 1
Mean values and range of variation of the main properties, including some biochemical
Vineyard Maize Grassland
Mean Range Mean Range Mean Range
pH KCl 4.12* 3.58–4.96 4.57* 3.84–6.97 4.15* 3.40–5.
Total C (%) 1.52* 0.43–2.98 3.16* 1.47–6.35 4.78* 1.80–11
Total N (%) 0.12* 0.03–0.21 0.25* 0.14–0.52 0.37* 0.15–0.
C/N 13* 12–15 12* 9–15 13* 10–18
Available Pia 116* 37–228 126* 26–325 39* 6–78
Al2O3 (%) 0.21* 0.08–0.32 0.56* 0.15–1.63 0.58* 0.07–2.1
Fe2O3 (%) 0.22* 0.04–0.67 0.41* 0.16–0.94 0.60* 0.11–2.
Sand (%) 71* 64–79 60* 29–74 52 18–80
Clay (%) 12* 9–15 15* 11–27 20 9–43
For each row, the asterisk (*) indicates that the mean value differs signiﬁcantly (P  0.01
a Inorganic P, in mg kg1.
Please cite this article in press as: Trasar-Cepeda, C., et al., Hydrolytic en
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obtained for the oak soils (Table 1).
Land use generated a noteworthy loss of organic matter, which
affected both organic C and N content (Table 1). Thus, in the
reforested soils the organic C content was between 60% and 70%
that of the oak soils, and in the agricultural soils it was only
between 10% and 40%, with the lowest values corresponding to the
vineyard soils. The decrease in nitrogen was not as marked, which
indicates the effect of N fertilization. The reforested soils contained
between 60% and 70% of the amount in the oak soils, whereas the
agricultural soils contained between 20% and 60%. The decrease in
organic matter also causes a decrease in the content of extractable
Fe and Al oxides (Table 1).
3.2. Soil enzymatic activities: absolute values
In the soils subject to the most intense agricultural use (the
maize and vineyard soils) the values of the enzyme activities were
always lower than in oak soils: in the maize soils, the enzyme
activity was on average 42% of that in the oak soils, whereas in
the vineyard soils, the activity was only 24% that in the oak soils
(Table 2). In the reforested and grassland soils the values of the
enzyme activities were lower, similar to, or even higher than those
corresponding to the oak soils (Table 2). The mean values of activity
and the ranges of variation obtained for the grassland soils were
generally similar to those corresponding to the oak soils, whereas
the differences were more acute in the reforested soils (Table 2).
For all of the carbon cycle enzymes, except invertase in the soils
under eucalyptus (mean value 4.18 mmol glucose g1 h1 compared
with 6.85 mmol glucose g1 h1 for the oak soils), the activities of
cellulase and invertase in the grassland and reforested soils were
similar to those in the oak soils (Table 2). The mean values of
b-glucosidase activity in soils under pine and eucalyptus (1.82 and
1.74 mmol p-nitrophenol g1 h1, respectively) were clearly higher,
and those in grassland (1.45 mmol p-nitrophenol g1 h1) were
slightly lower than themean value obtained for oak soils (1.55 mmol
p-nitrophenol g1 h1).
Regarding the nitrogen cycle enzymes, except urease in soils
under eucalyptus (12.1 mmol NH3 g
1 h1 compared with 16.6 mmol
NH3 g
1 h1 for the oak soils), the values of the three enzymes
investigated were always similar or higher in the reforested and
grassland soils than in oak soils (Table 2). The urease activity in pine
soils was particularly high, and although the mean value of the
activity was similar to that of the oak soils (16.9 and 16.6 mmol
NH3 g
1 h1, respectively), the range of variation was much wider,
and the maximum value of activity in the pine soils (83.5 mmol
NH3 g
1 h1) was almost double the maximum value in the oak
soils (49.8 mmol NH3 g
1 h1).
As regards the P cycle, in the grassland soils the activity of
both enzymes was lower than in oak soils, taking into consider-
ation the mean value of both activities and the range of variationproperties, of the soils under different types of use
Eucalyptus Pine Oak
Mean Range Mean Range Mean Range
50 3.76* 3.15–4.29 3.78* 2.91–5.71 3.48 2.77–4.10
.52 6.74* 2.17–11.81 7.84* 1.74–11.79 10.75 5.20–18.34
95 0.41* 0.11–0.87 0.44* 0.10–0.71 0.66 0.32–1.06
17 13–23 18 11–24 17 11–34
9* 2–27 8* 3–25 20 8–47
6 1.25 0.22–4.72 1.19 0.27–3.23 1.08 0.11–2.88
22 0.59* 0.16–1.34 0.58* 0.13–1.24 0.96 0.25–2.26
52 26–78 52 31–74 51 13–80
18 10–34 18 9–26 20 7–32
) from that corresponding to the oak soils.
zyme activities in agricultural and forest soils. Some implications for
8), doi:10.1016/j.soilbio.2008.03.015
Table 2
Mean values and range of variation of the enzymatic activities of the soils under different types of use
Vineyard Maize Grassland Eucalyptus Pine Oak
Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range
Cellulasea 0.05* 0.01–0.10 0.09* 0.02–0.28 0.20 0.06–0.38 0.24 0.09–0.44 0.23 0.01–0.38 0.23 0.06–0.47
Glucosidb 0.45* 0.08–0.90 0.72* 0.20–1.73 1.45 0.45–3.09 1.74 0.58–4.74 1.82 0.48–5.37 1.55 0.67–4.58
Invertasea 1.28* 0.16–2.92 2.60* 0.39–6.01 6.03 1.58–19.50 4.18* 1.20–10.02 6.16 1.99–11.57 6.66 2.00–10.95
Casein-Pc 0.29* 0.01–0.52 0.73* 0.13–1.49 1.23* 0.41–2.83 1.04 0.47–2.04 1.28* 0.48–2.00 0.94 0.36–1.75
BAA-Pd 4.6* 1.3–10.2 7.1* 1.0–14.1 19.6 3.8–50.7 15.7 4.8–32.7 17.7 1.6–40.9 15.3 2.7–34.3
Ureased 1.9* 0.4–3.2 4.3* 1.6–12.9 17.7 2.2–44.4 12.1 3.5–31.6 16.9 0.8–83.5 16.6 3.2–49.8
Diesterb 1.22* 0.03–0.24 0.32* 0.08–0.72 0.64* 0.19–1.39 1.62* 0.39–3.66 1.58* 0.33–3.19 0.96 0.30–2.69
Monoesterb 0.12* 0.24–1.92 2.58* 0.61–7.11 4.86* 1.53–9.69 7.45 1.05–16.33 7.43 1.20–13.58 6.62 2.23–15.76
Sulphb 0.03* 0.00–0.07 0.15* 0.02–0.40 0.43 0.07–1.43 0.28* 0.06–0.76 0.31* 0.01–0.96 0.46 0.07–0.91
For each row, the asterisk (*) indicates that the mean value differs signiﬁcantly (P  0.01) from that corresponding to the oak soils.
a mmol glucose g1 h1.
b mmol p-nitrophenol g1 h1.
c mmol tyrosine g1 h1.
d mmol NH3 g
1 h1.
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enzymes were always higher than in the oak soils (Table 2). Thus,
for example, the mean values of phosphodiesterase activity in the
soils under pine and eucalyptus (1.58 and 1.62 mmol p-nitro-
phenol g1 h1, respectively) were almost double the mean value
(0.96 mmol p-nitrophenol g1 h1) obtained for oak soils, although
there was little difference amongst these three groups of soils in
terms of the range of variation in the values of this enzyme
activity (Table 2). The mean values of phosphomonoesterase
activity in eucalyptus and pine soils were somewhat higher than
in oak soils. However, in the pine soils both the minimum and
maximum values were lower than those in the oak soils, whereas
in the soils under eucalyptus the minimum value was less than
half that in the oak soils and the maximum value was somewhat
higher (Table 2).
Finally, the values of the only sulphur cycle enzyme determined,
arylsulphatase, were lower in the reforested than in the oak soils,
especially in eucalyptus soils, while in the grassland soils the values
of the activity (mean, maximum and minimum) were similar to
those in the oak soils, although the maximum value was lower in
the latter (Table 2).
3.3. Soil enzymatic activities: values in relation
to the total carbon content of the soils
If we consider the values of enzymatic activity in relation to C,
i.e., the enzymatic activity divided by the organic C content for each
of the soils (speciﬁc activity), we can see that in general the mean
values for each group of soils (Table 3) were higher in the soilsTable 3
Mean values and range of variation of the enzymatic activities per unit of C in the soils u
Vineyard Maize Grassland
Mean Range Mean Range Mean Rang
Cellulase/Ca 3.1 1.6–6.5 2.9 1.0–9.5 4.8* 1.6–
Glucosid/Cb 30* 8–64 24* 8–49 33* 8–
Invertase/Ca 84 37–157 86* 9–165 129* 45–
Casein-P/Cc 19* 3–29 25* 6–63 27* 11–
BAA-P/Cd 317* 195–618 227* 49–533 435* 102–
Urease/Cd 123 68–175 134 61–247 381* 44–
Diester/Cb 8 5–11 11 2–31 14* 7–
Monoester/Cb 85 33–159 84 32–239 110* 44–
Sulph/Cb 1.8* 0.4–3.9 4.8 0.4–8.8 9.0* 2.2–
For each row, the asterisk (*) indicates that the mean value differs signiﬁcantly (P  0.01
a mmol glucose g1 C h1.
b mmol p-nitrophenol g1 C h1.
c mmol tyrosine g1 C h1.
d mmol NH3 g
1 C h1.
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were observed for cellulase and arylsulphatase, inwhich, except for
the grassland soils (for which the values of the speciﬁc activity of
both enzymes were more than double those in the oak soils) the
mean values were almost the same in the soils affected by human
use and in the oak soils (Table 3). For the remaining enzymes the
differences were very large, particularly in the grassland soils (Table
3). Thus, for the C cycle enzymes, the activities of b-glucosidase and
invertase per unit of C in grasslands were almost twice those in the
oak soils, and in the other soils they were around one and a half
times those in the oak soils, except in eucalyptus soils in which the
value of speciﬁc invertase activity was similar to that in oak soils
(Table 3).
As regards the nitrogen cycle enzymes, in the maize and vine-
yard soils, the values of speciﬁc urease activity were lower than in
the oak soil, despite the fact that the minimum values in both
groups of soils were double that in the latter soil (Table 3). In all
other cases, the activities of the nitrogen cycle enzymes were
almost two times higher in the grassland soils than in the oak soil,
and one and a half times higher than in the other soils (Table 3).
For the P cycle enzymes, the highest values corresponded to the
reforested and grassland soils, with values of speciﬁc activity of
both enzymes approximately twice those corresponding to the oak
soils, although in the pine soils this only applied to themean values,
as the maximum and minimum values were very similar to those
corresponding to the oak soils (Table 3). For both phosphodiester-
ase and phosphomonoesterase, the activities per unit C in the
vineyard and maize soils were similar to those in the oak soils
(Table 3).nder different types of use
Eucalyptus Pine Oak
e Mean Range Mean Range Mean Range
15.7 3.7* 1.2–6.1 2.9* 0.7–5.2 2.1 0.5–4.1
114 27* 10–85 24* 8–60 15 4–41
275 63 17–120 82 38–169 67 16–132
54 16* 8–32 17* 6–35 10 3–22
902 236* 53–522 219* 48–440 148 26–306
887 178 46–384 213 45–898 159 31–641
49 26* 7–62 20* 7–33 9 2–22
311 115* 16–252 107* 20–166 63 21–151
23.8 4.4 0.6–8.4 4.0 0.1–10.4 4.6 0.6–10.0
) from that corresponding to the oak soils.
yme activities in agricultural and forest soils. Some implications for
8), doi:10.1016/j.soilbio.2008.03.015
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showed similar speciﬁc activity in maize, pine, eucalyptus and oak
soils, whereas in the vineyard soils the activity was less than half,
and in the grassland soils it was approximately twice the activity
observed in the other soils (Table 3).
4. Discussion
Although it is usually assumed that soil use results in decreased
enzyme activity (Bandick and Dick, 1999; Dick, 1992; Dilly et al.,
2003; Haynes and Tregurtha, 1999; Islam and Weil, 2000), the
results obtained here indicate that for the large group of soils
studied, this assumption is not correct, as a decrease was not found
for all enzymes or for all types of land use. In fact, the enzyme
activity associated with soil use varied depending on the type of
land use and management, as well as on the type of enzyme, and
the enzyme activity was lower than, the same as or higher than in
the oak soils. However, the data obtained conﬁrm that enzymes
such as phosphomonoesterase, which are often reported to be
inhibited by fertilization with phosphate fertilizers (Clarholm,
1993; Olander and Vitousek, 2000), did indeed display much lower
activities in strongly fertilized soils with high contents of available
Pi (Table 1), such as the maize, vineyard and, to a lesser extent, the
grassland soils, than in the oak soils. A similar explanation may also
be considered for the differences in sulphatase activity, the low
values of which in the vineyard soils (Table 2) could be attributed to
inhibition resulting from the addition of sulphate, as the fungicide
usually used in vineyards is the Bordeaux mix, which contains
copper sulphate, i.e. the typical feedback inhibition caused by the
presence of the ﬁnal product of an enzyme reaction (Lehninger,
1978). In contrast, in soils that received several applications
throughout the year of cattle slurry, an organic fertilizer rich in
readily decomposable nitrogen (Dı´az-Fierros et al., 1988), such as
the cropped soils, the nitrogen cycle enzymes show higher activi-
ties than in the oak soils (Table 2), which reﬂects the typical
stimulation due to the presence of substrate (Lehninger, 1978).
The strong reduction in the organic matter content as a result of
soil use makes comparison of the absolute values of the different
enzyme activities difﬁcult and does not allow a clear diagnosis of
the effect of soil use on soil quality, as it is not possible to determine
whether the observed modiﬁcations in the enzymatic activities are
due to the lower content of organic matter in the soils or to real
differences in enzymatic activity. One way of overcoming this
difﬁculty and allowing comparison of soils under different types of
use is to use the values of speciﬁc activity, i.e., the values of activity
per unit of carbon (Barriuso et al., 1988). The use of this relationship
reveals that in the soils affected by human activity the values of
speciﬁc enzyme activities are generally higher than those in the oak
soils. In other words, land use causes an important loss of organic
matter (probably the most labile and less stabilized organic
matter), with either a smaller decrease or an increase in the abso-
lute enzyme activity, but these changes always result in a higher
enzyme activity per unit of carbon, i.e., land use causes a relativeTable 4
Mean values and range of variation of some biochemical properties of the soils under di
Vineyard Maize Grassland
Mean Range Mean Range Mean Range
Biomass Ca 49* 0–173 201* 0–357 493* 72–2
Respirationb 72* 16–138 161* 55–328 358* 43–7
qCO2
c 9.7* 0.0–30.9 3.6 1.7–9.8 3.4 1.0–7
For each row, the asterisk (*) indicates that the mean value differs signiﬁcantly (P  0.01
a mg kg1.
b mg CO2-C kg
110 d1.
c mg CO2-C mg Biomass C h
1.
Please cite this article in press as: Trasar-Cepeda, C., et al., Hydrolytic en
their use as indicators of soil quality, Soil Biology and Biochemistry (200increase in enzyme activity in the soil organic matter so that the
greater the loss of organic matter caused by the intensity of soil
management, the greater the enzymatic activity per unit of C.
The above is remarkable and somewhat unexpected, as it was
thought that a decrease in the soil organic matter content would be
accompanied by a similar reduction in enzymatic activity. There are
two possible explanations for this: the ﬁrst is that land use gener-
ates stress in the microbiota, which responds with increased
activity, therefore causing the observed enzyme enrichment
(Doran, 1980). The second possibility is that this enrichment
represents an ecological mechanism to retain soil metabolic
activity (Burns, 1982), which is clearly at risk due to the progressive
loss of organic matter, especially the most labile organic matter
(Janzen et al., 1992; Ogle et al., 2005).
As regards the possibility that the increase in enzyme activity in
soils under different types of use is due to the stress in the soil
microbiota, it should be noted that the values of respiration and
microbial biomass C were always lower in the agricultural and
the forest soils than in the oak soils (Table 4). Furthermore, the
reduction in respiration and in microbial biomass is always of
the same order (Table 4). As a result, the mean values of qCO2 for
the agricultural and reforested soils were very similar to each other
and almost identical to the mean value obtained for the oak soils,
although themean value of this parameter in the vineyard soils was
almost three times higher than in the other soils (Table 4), which
according to Dalal (1998) and Haynes (1999) indicates that the
vineyard soils are the only soils with a highly stressed microbiota.
The fact that the qCO2 remained the same in the other soils (forest
and agricultural) suggests that land use do not have a direct effect
on the metabolic activity of the microorganisms, and that the
microorganisms are not directly responsible for the observed
increase in enzyme activity.
Given that the enzyme enrichment in the soils affected by use
does not appear to be caused by accelerated metabolism of the soil
microorganisms, it must be attributed to the second of the above-
mentioned possibilities, i.e., that this enrichment represents an
ecological mechanism to retain soil metabolic activity. Although
the data available does not allow us to determine the exact
mechanism involved, two hypotheses can be suggested. On the one
hand, the enrichment may result from the loss of labile organic
matter from the soil, usually an organic matter with a low quantity
of bound enzymes and whose loss would indirectly increase
the proportion of enzymes in the remaining organic matter. On the
other hand, the enrichment could be a result of a change in the
capacity of the organic matter of soils affected by land use to retain
soil enzymes by physical or chemical bonds.
The strong modiﬁcation in the organic matter content that the
soils undergo with use, does allow us to study how the increase in
enzyme activity occurred as the carbon content decreased. To do
this, we examined the distribution of soils within each land use in
terms of carbon content. For each type of land use, the soils were
grouped within six different ranges of C content: 0–2%, 2–5%, 5–8%,
8–11%, 11–14% and more than 14% of the maximum C content, asfferent types of use
Eucalyptus Pine Oak
Mean Range Mean Range Mean Range
003 437* 88–952 519* 197–993 781 250–1438
76 268* 53–842 342* 137–658 615 340–1239
.4 2.8 0.5–5.3 3.0 0.9–7.6 3.5 1.5–8.5
) from that corresponding to the oak soils.
zyme activities in agricultural and forest soils. Some implications for
8), doi:10.1016/j.soilbio.2008.03.015
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soils in each group according to their total C content, we can see
that with increased management intensity, there is a decrease in
the number of soils with high total C content and an increase in the
soils with low C content (Fig. 1).
When we consider, for the same groups, the values of activity
per unit of C, i.e., speciﬁc activity (Table 5), we can see that for the
oak soils, some enzymes such as arylsulphatase and invertase show
a very slight increase in the activity per unit of carbon as the C
content of the soils decreases. However, in general, there is a clear
tendency towards similar values whatever the C content of the soils
(Table 5), which reveals the close relationship between the enzyme
activities and the organic matter content, and allowed the concept
of biochemical equilibrium to be deﬁned for these soils developed
under local potential vegetation in the absence of human inﬂuence
(Trasar-Cepeda et al., 1998).
In contrast, for the soils affected by land use, it was observed
that in general for all enzymes and types of use, there was a large
increase in speciﬁc enzymatic activity, which shows that the lower
the C content of the soil, the greater the abundance of enzymes per
unit of carbon, which is also observed for smaller ranges of C than
those present in the oak soils (Table 5). Thus, for the C cycle
enzymes, the increases in b-glucosidase and cellulase are very clear,
particularly those for b-glucosidase and, for cellulase, those corre-
sponding to the forest and grassland soils (Table 5). For the N cycle
enzymes, the same behaviour was observed, with the values of
activity per unit of carbon for both proteases being much higher
than in the oak soils, particularly in the grassland soils and, to
a lesser extent, in the soils under maize (Table 5). The two P-cycle
enzymes behaved differently from each other. The speciﬁc activities
of phosphodiesterase in the vineyard and maize soils were similarGrassland soils
Vineyard soils
0
20
40
60
80
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Fig. 1. Percentage frequency distribution of the soils acc
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while in the grassland and forest soils they were much higher than
in the oak soils. For phosphomonoesterase in the soils subject to
land use, especially in the forest soils, the speciﬁc activity wasmuch
higher than in the oak soils (Table 5). For the S cycle enzyme, the
speciﬁc activity in themaize and reforested soils is similar to that in
the oak soils, in which there was no enzyme enrichment, whereas
in the grassland soils the speciﬁc activity was much higher and in
the vineyard soils much lower than in the oak soils (Table 5).
The observed increase in enzymatic activity per unit of C in the
soils affected by human inﬂuence suggests that organic matter is
lost at a greater rate than is enzymatic activity. In other words, the
relative increase in activity suggests that in soils affected by use,
especially in cropped soils, although a large part of the soil organic
matter is lost, there remains a pool of organic matter in which the
hydrolytic enzymes have stabilized. This may be because it is the
most labile organic matter that is lost and the most humiﬁed that
remains (Nourbakhsh, 2007); the latter contains extracellular
enzymes bound to humic or to clay-humic soil colloids. Binding of
enzymes to humic colloids and clays is a mechanism that confers
protection to the enzymes and contributes to maintaining a pool of
relatively stable enzymes in the soil (Burns, 1978; Ladd and Butler,
1975; Nannipieri et al., 1980). A high hydrolytic potential may thus
be maintained in the reforested and cultivated soils and the need
for continual synthesis of enzymes avoided (Burns, 1982). Similar
results were reported by Masciandaro and Ceccanti (1999), who
observed that as the intensity of cultivation increased in soils in two
different agro-ecosystems in the Mediterranean, both the absolute
enzymatic activity and the carbon content of the soils decreased,
but that the enzymatic activity suffered a process of stabilization
linked to the presence of humic substances.Climax soils
Pinus soils
Eucalyptus soils
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Table 5
Values of enzymes activities per unit of C, distributed according to the range of values of total C content, for soils under different types of use
C range Cellulase/Ca Glucosid/Cb Invertase/Ca Casein-P/Cc BAA-P/Cd Urease/Cd Diester/Cb Monoester/Cb Sulph/Cb
Vineyard soils
0–2 3.4  1.6 33  17 88  46 18  7 332  132 125  31 8  1 91  36 1.6  1.2
2–5 2.0  0.1 20  3 71  4 20  3 257  31 117  33 8  3 61  19 2.3  0.8
Maize soils
0–2 1.9  0.6 35  13 113  52 37  11 268  116 182  17 13  3 100  51 5.2  0.8
2–5 3.0  2.1 23  8 83  25 24  12 223  90 128  49 11  5 85  33 4.7  1.9
5–8 2.7  0.4 16  2 92  39 21  2 236  21 178  37 8  3 55  9 6.4  1.0
Grassland soils
2–5 5.2  2.2 36  13 130  50 29  7 478  200 404  196 15  5 112  29 8.7  4.3
5–8 3.9  1.5 27  10 133  51 24  8 402  179 388  167 12  3 102  28 9.6  5.0
8–11 2.3  0.6 23  8 96  27 21  3 229  98 207  113 11  4 70  14 7.4  2.4
11–14 2.2  1.4 21  10 103  43 25  6 199  159 290  125 10  4 66  24 6.6  3.9
Eucalyptus soils
2–5 4.8  0.8 33  21 62  19 21  7 213  54 160  54 39  18 159  86 5.6  1.9
5–8 3.7  1.2 25  8 62  23 15  4 283  124 213  104 22  9 101  52 4.8  2.2
8–11 3.0  1.1 24  11 63  27 14  7 201  93 146  72 21  11 96  41 3.1  2.1
Pine soils
2–5 3.8  1.5 33  21 113  42 25  7 312  29 277  138 16  7 116  34 5.8  1.7
5–8 3.3  1.0 23  9 80  28 18  4 210  114 188  98 18  7 104  37 3.6  2.0
8–11 2.6  0.8 22  10 76  15 15  5 215  98 226  189 22  7 111  22 3.9  2.0
11–14 2.3  1.2 25  10 74  44 14  1 213  76 252  105 18  1 88  10 4.4  3.1
Oak soils
5–8 2.0  0.6 17  6 93  20 14  4 167  72 214  172 11  5 76  39 6.2  2.2
8–11 2.4  1.0 17  9 75  24 11  4 162  108 134  75 10  4 57  33 4.6  2.4
11–14 1.9  1.0 12  4 53  21 7  3 127  79 146  106 9  4 62  25 4.2  2.1
>14 2.1  0.6 14  10 44  13 5  1 131  63 154  44 8  5 61  29 3.4  1.1
a mmol glucose g1 C h1.
b mmol p-nitrophenol g1 C h1.
c mmol tyrosine g1 C h1.
d mmol NH3 g
1 C h1.
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Soil use causes a clear decrease in organic matter content, but
enzyme activity does not always follow the same pattern and may
either increase or decrease. However, irrespective of the type of
land use, the values of enzyme activity per unit of carbon were
always higher in soils subject to human interference than in oak
soils, which indicate relative enrichment in enzymatic activity in
agricultural and forest soils. Furthermore, the process of stabili-
zation becomes more intense the greater the loss of organic
matter suffered by the soil, and all enzymes are not affected in
the same way, with some being more affected than others. Thus,
whereas for enzymes such as arylsulphatase no enrichment
occurs, for others such as proteases there is an important degree
of enrichment. In other words, land use not only generates higher
values of enzyme activity per unit of C than in oak soils, but also
greater increases in the speciﬁc activity as the C content
decreases, which suggests a process of enrichment of the hydro-
lytic enzymes in organic matter, thereby maintaining a high
metabolic activity. Nevertheless, although land use modiﬁes the
enzyme activity of soils, the use of enzymes as indicators of
the change in soil quality is not particularly useful because of the
complexity of the observed behaviour. This complexity prevents
accurate selection of the best enzyme or enzymes to use as key
indicators, at least until more is known about the processes that
occur as a result of change in land use. Therefore, although
enzyme enrichment clearly occurs in response to land use, the
data available do not enable determination of the processes
involved in this enrichment. Consequently, in-depth studies of the
stabilization mechanisms are required to elucidate the possible
role of enzymes as indicators of soil quality.Please cite this article in press as: Trasar-Cepeda, C., et al., Hydrolytic en
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